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3. Analysis 
The authors made a feasibility analysis of the manner the object could be devel-
oped using multi-criteria analysis tools (MCDM) i.e. Analytic Hierarchy Pro-
cess – AHP (Saaty 2008), Multi-Attribute Utility Theory – MAUT (Wallenius 
et al. 2008) and Preference Ranking Organization METHod for Enrichment of 
Evaluations – PROMETHEE II (Vincke & Brans 1985). 

Five main criteria were identified: social – G1, environmental – G2, 
functional – G3, spatial – G4 and economic – G5. Sub-criteria were assigned to 
each of the designated groups, which allowed for a more detailed analysis of the 
significance of individual criteria with reference to selected variants. In total, 19 
sub-criteria were defined (Table 1). In order to additionally verify the created 
ranking of variants, the results obtained with the AHP method were compared 
with the results from the MAUT and PROMETHEE II methods. Table 1 also 
compares the adopted values of individual expert assessments based on own 
experience, the area inventory, the analyses of MPZP and SUiKZP and the ex-
pectations of the local community (surveys). The weights of individual criteria 
(Table 1) were determined by the AHP method using a pair-wise comparison 
matrix. 

The decision problem can be illustrated with a simple graph showing 
the adopted hierarchical structure (Fig. 3). 

Three land development variants were proposed for consideration: 
V1 – sports, cultural and artistic facility / sports and entertainment hall, 
V2 – recreation area / park with small architecture elements, 
V3 – recreation and service facility / restaurants.  

 
Fig. 3. Hierarchical structure of the problem of optimising development concerning 
Edmund Szyc stadium 
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Table 1. Assessments of analysed variants for changes in the manner of area 
development developed 

Criterium Scale of 
assessment Weight 

Variant 
V1 V2 V3 

Social G1 
K1 Target reach 1-3 0.079 3 2 2 
K2 Local community preferences % 0.152 33.3 58.8 7.8 
K3 Number of job openings 1-3 0.04 3 1 2 
K4 Aesthetics and spatial order 1-3 0.023 2 3 2 

Environmental G2 
K5 Improvement in urban greenery 0-2 0.068 0 2 1 
K6 Improvement in biodiversity 0-2 0.061 0 2 1 

K7 Environmental nuisance  
(noise, heavy traffic) 1-3 0.011 3 1 2 

Functional G3 

K8 Increased attractiveness with regard 
to tourists and new investors 0-2 0.083 2 2 1 

K9 Transport accessibility 0-2 0.011 2 1 1 

K10 Number of social or media events 
organised annually 0-2 0.047 2 1 0 

Spatial G4 

K11 Development with regard to specific 
functions – paved areas [ha] ha 0.034 4 0.8 3 

K12 Distance from the nearest facility 
with similar functionality km 0.03 3.2 0.65 1.5 

K13 Integration with existing  
infrastructure 1-3 0.068 3 3 1 

K14 Fitting in existing landform 1-3 0.072 3 1 0.5 

K15 
Adaptation of land development  
to applicable spatial development 
documentation 

0-3 0.145 3 3 1 

Economic G5 
K16 Estimated investment cost 1-3 0.013 3 2 1 
K17 Estimated investment gains 0-2 0.032 1 0 2 
K18 Securing of financing sources 1-3 0.009 2 2 1 
K19 Operating costs 1-3 0.017 3 2 1 
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Variant 1 (V1 – Hall) is based on the existing land use with current 
landform. The key assumption is the introduction of current land development 
plans in the concept of constructing a sports and entertainment hall. The variant 
assumes that building development will constitute 26% of the area, 57% of the 
area will be left biologically active, whereas 17% of the area will be designated 
for pedestrian access/ entry, internal roads and access roads.  

Variant 2 (V2 – Park) is based on the existing land use with necessary 
surface levelling and demolition of stadium remains. Part of the high and low 
vegetation found in the area will be used to develop green space in the park. The 
variant assumes no building development, 90% of the area will be left biologi-
cally active, whereas pedestrian access/ entry, internal roads and access roads 
will constitute 10% of the area.  

Variant 3 (V3 – Service) is based on the assumption that the former sta-
dium premises will feature a recreation and service facility, including restau-
rants and residential buildings with service outlets. The variant assumes that 
building development will constitute 26% of the area, 54% of the area will be 
left biologically active, while pedestrian access/ entry, internal roads and access 
roads will constitute 20% of the area.  

The results of analyses obtained with AHP, MAUT and PROMETHEE 
II are summarised in Table 2. 

 
Table 2. Summary of results obtained with 3 considered methods 

Variant AHP MAUT Promethee II 
index rank index rank index rank 

W1 0.347 II 0.665 II 0.148 II 
W2 0.419 I 0.713 I 0.278 I 
W3 0.233 III 0.180 III -0.427 III 

Additionally, the authors carried out a basic analysis of model sensitivi-
ty to parameter changes. The sensitivity analysis consisted in changing the 
weights of selected main criteria. There were chosen the following options: 
�x the first analysis for the economic criterion G5 – 44% (7,1%), 
�x the second analysis for the environmental criterion G2 – 50%, (14%), 
�x the third analysis for the functional criterion G3 – 49%, (14,1%). 

 
The weights of individual criteria before modification are shown in pa-

rentheses. The analysis consisted in appropriate modification of a pair-wise 
comparison matrix of main criteria, as a result of which the weight values are 
not in full tens. The sensitivity analysis was performed only for the AHP meth-
od. Changes in the weights of criteria resulted in a change in the ranking ob-
tained. Emphasis on economic issues (G5) provided a new solution with Variant 
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Fig. 4. Visualization of the concept 
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In order to align to the European criteria, the Romanian Government 
has adopted the General Transport Master Plan of Romania, a strategic docu-
ment which establishes and prioritizes transport infrastructure projects in Ro-
mania in the period from 2014 to 2030 and correlates them with the available 
funding sources (Bolos et al. 2016). 

The adaptation of transport infrastructure to the needs and requirements 
of connectivity represents a priority at national, regional and European level and 
is based on several defining steps in regard to sustainable socio-economic de-
velopment and environmental impact (Dobre & P��unescu 2020). 

The process of identification, selection and implementation of infra-
structure projects that are economically sustainable, with social benefit and in 
harmony with the environment prove to be defining stages and priority deci-
sion-making criteria (Dobre 2016). 

This paper aims to create an objective decision-making tool based on 
scientific criteria utilizing GIS, in correlation with the current needs of society 
regarding the development of transport infrastructure in an economic sustaina-
ble manner with low environmental impact. Furthermore, the study tries to cre-
ate a new methodology in objectively establishing and evaluating the analysis 
criteria, which would provide substantiated physical-geographical and socio-
economic solutions. This can be applied to all geomorphotechnical assessments 
regarding transport infrastructure (road or rail) in order to refine the results by 
identifying optimal transport corridors in accordance with other environmental 
elements (Dobre et al. 2011, P��unescu et al. 2019, Schweikert et al. 2014, Jiang 
et al. 2015). 

In order to highlight the usefulness and complexity of this scientific de-
cision-making tool, it is necessary to apply the method in a heterogeneous area 
in terms of components and analyzed criteria, with geological and geomorpho-
logical variety, protected areas and high anthropic pressure (materialized by 
large built-up areas, either with logistical, agricultural or industrial areas or with 
new residential areas). In this context, the eastern metropolitan area of Bra��ov 
was chosen as a study area, an important pole of Romania's economic growth, 
located in the center of the country, at the intersection of several European and 
national transport corridors (Fig. 1).  
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Fig. 2. Steps in decision-making process (modified after Borgonovo, 2017)  

 
The present analysis consists of a geographical analysis performed with 

GIS modeling and a series of quantitative analyses, as part of an integrated 
study of applied geomorphology. The data sets used in this scientific approach 
are varied and have different scales and resolutions. For this reason, after data 
collection and introduction into the GIS environment, the first stage in this 
analysis consisted in standardizing and rescaling them, without losing the accu-
racy (Dobre 2016). The data sets relevant for the multi-criteria analysis are: map 
of protected areas, orthophotomosaic, topographic map, areas of geomorpholog-
ical favorability, transport corridors, map of the hydrographic network and pop-
ulated areas (Table 1). 

In the proposed analysis, two criteria were taken into account: 
a) environmental impact, 
b) the influence of the geomorphological factor on a transport corridor. 
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Within the extended project, the research team is currently developing 
the integration of several factors in the sensitivity analysis (the relationship of 
the corridor with the anthropized areas, the pedological and geological factor, 
the hydrological factor, the impact on public utility networks, etc.) 

Regarding environmental impact, the European Commission's Natura 
2000 databases have been used. Natura 2000 is the cornerstone of nature con-
servation in the European Union. The environmental impact for each transport 
corridor was spatially calculated, depending on the percentage by which the 
corridor affects the crossed protected areas.  

By crossing a transport corridor (a buffer zone at a distance of 70 m 
from the motorway alignment on each side) with a protected area, three compo-
nents have been determined: the affected area (in hectares), the linear distance 
of the corridor within the protected area (in km) and the percentage of the af-
fected area in relation to the total area of the protected area (in %). This enabled 
us to establish a hierarchical scale of transport corridors in terms of environ-
mental impact in the final score (the relationship corridor/impact on protected 
areas was assessed in the range between 0 to 100, in progression from no impact 
to strong impact). 

The protected areas in the analyzed area occupy approximately 14977 ha 
and they are classified into three categories: protected areas (NPA), sites of Com-
munity importance (SCI), special avifauna protection areas (SPA) (Table 2). 

The influence of the geomorphological factor was determined following 
numerous field campaigns and by acquired geospatial data. The primary data source 
to represent the geomorphological factor is represented by the contour lines with 
equidistance of 5 m that were extracted from the Topographic Map of Romania 
(scale 1: 25.000, Military Topographic Directorate). These were used to create the 
digital elevation model (DEM), which was further enhanced by the addition of 
point field data (accuracy below 1 m) in the interpolation process, acquired with 
a RTK GPS device with ROMPOSS (Romanian Positioning System). 

In the post-processing stage of the digital elevation model, the areas that 
were identified as being subject to current erosion processes were improved by 
adding three-dimensional (3D) and digital surface (DSM) models that were 
developed using drone acquired data. The final digital elevation model was thus 
filtered and improved in order to represent as accurately as possible the topo-
graphic surface.  
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Thus, each transport corridor was included in one of these categories 
that were defined by the percentage of the dominant landform crossed by the 
highway alignment. 

GIS software solutions were used to define the corridors, highlighting 
the geomorphological constraints (Dobre 2016), the impact on Natura 2000 sites 
(Morelli et al. 2014; van Bohemen & van de Laak 2003), determining the 
lengths of the strategic level corridors and the estimated costs. 

The spatial analysis was conducted in the ArcGIS suite, with additional 
use of Agisoft Metashape for modeling drone three dimensional and imagery 
data. For statistical analyses, weighted calculations and modeling the sensitivity 
matrix, Microsoft Excel was employed, using GIS extracted data. 

2.1. Area of application 

The Bra��ov - Bac��u highway project (which includes the analyzed sector Târgu 
Secuiesc - One��ti) is part of the TEN-T Comprehensive (Fig. 3) network and is 
included in both the General Transport Master Plan of Romania as well as in the 
Investment Plan for the Development of Transport Infrastructure in 2020-2030, 
the most important strategic programmatic documents in Romania. TEN-T 
Comprehensive networks provide connections to the Core network, namely 
TEN-T Core which connects all regions of the European Union. This highway 
sector is one of the six Transcarpathian highway sectors most important for 
Romania's development, namely Târgu Mure�� - Ia��i, Bra��ov - Bac��u, Ploie��ti - 
Bra��ov, Pite��ti - Sibiu. According to the Investment Plan for the Development 
of Transport Infrastructure in 2020-2030, the Bra��ov - Bac��u highway will be 
operational by the end of 2030. 

 
Fig. 3. TEN-T Network in Romania and neighboring countries 
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Fig. 4. Proposed highway corridors 

 
The four routes meet the criteria for the construction of highways in 

Romania (Ind. PD 192-2002), among them listing: the lack of level intersections 
with other roads, slopes of maximum 5° and radius of curvature that allow traf-
fic speeds of 130 km/h or at least 80 km/h in special conditions. 

The four corridors were drawn up in such a way as to highlight the ben-
efits of the sensitivity analysis in choosing an optimal road transport corridor in 
accordance with the beneficiary's policies and interests. For example, corridor 
1 has no impact on Natura 2000 sites, no geomorphological constraints, but due 
to the sinuous nature imposed by avoiding these unfavorable areas, the length of 
the corridor is much longer with direct implications on the final cost of imple-
mentation and subsequent operating costs. In contrast, corridor 3, with an im-
pact on Natura 2000 sites, but a shorter length by about 4 km, has financial ben-
efits related to the construction and management of the motorway sector. 

The four route alternatives were made following the digital modeling of 
the natural and anthropogenic factors that ensure the support of the proposed 
road infrastructure. In order to better present the analysis performed, each of the 
four alternatives has various characteristics related to the impact on Natura 2000 
sites, cost standards and geomorphological features (Fig. 5, Table 4 and Table 5): 

LEGEND 
Proposed corridors Other elements 

corridor 1 nationalieurapean roads 

corridor 2 
m m  3 

corridor I 
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3.1. Scenario analysis 

Scenario 1 (S1) – Equal weight. In this scenario, the analysis criteria for the 
four transport corridors were treated as a unit. Thus, following the ranking ac-
cording to the score obtained after quantifying the impact on Natura 2000 sites 
and the geomorphological and cost factor, corridor 1 and 3 are equal to 90 
points. Corridor 4 scored 65 points and corridor 2 scored 55 points. The low 
score of corridor 4 (65 points) results from the high estimated cost of its imple-
mentation, crossing complex and geomorphologically unstable areas that gener-
ate an estimated cost of 554.3 million euros (12 million euros/km). The score of 
corridor 2 of only 55 points is caused by the fact that it has the greatest impact 
on Natura 2000 sites and by the fact that it crosses complex and geomorpholog-
ically unstable areas, resulting in an estimated cost of 329.1 mil. euro (8 mil. 
euro / km). 
Scenario 2 (S2) – High weight for environmental criteria. In this scenario, the 
environmental data series contributes five times more in the final score than the 
geomorphological and cost data series. Thus, following the ranking according to 
the score obtained after quantifying the impact on Natura 2000 sites and the 
geomorphological and cost factor, corridor 1 got the best score, with 96.7 
points. This score is due to the fact that this corridor has no impact on Natura 
2000 sites, but in order to avoid the intersection with protected natural areas, the 
corridor is longer (41.2 km) and crosses lowland and hill areas at an estimated 
cost of 5.5 million euros. / km (lower score for the geomorphological and cost 
criterion). Corridor 4 is in 2nd place with a final score of 88.3 points, due to the 
fact that it does not cross protected natural areas. However, it was de-scored 
within the geomorphological and cost criteria because it crosses the most diffi-
cult sector from a geomorphological point of view and has the longest length 
(46.2 km) and implicitly the highest cost, of 554.3 million euros (12 million. 
euro / km). Corridor 3 ranks 3rd with a score of 83.3 points, a consequence of 
the intersection with protected natural areas (ROSPA 0389, ROSCI 0111, 
ROSCI 0374, ROSPA 0147), even if it is the shortest (37.6 km) and represents 
the corridor with the lowest cost among those analyzed (estimated cost of 169.1 
million euros - 4.5 million euros / km). Corridor 2 is also in this scenario in the 
last place, as it crosses protected natural areas (ROSPA 0389, ROSCI 0111, 
ROSPA 0082, ROSCI 0374, ROSPA 0147) and difficult geomorphological 
areas (hilly areas affected by current geomorphological processes). 
Scenario 3 (S3) – High weight for geomorphological criterion and cost. In this 
scenario, the geomorphological and cost data series contributes five times more 
to the final average than the environmental data set. Thus, following the rank-
ing, depending on the score obtained after quantifying the impact of the geo-
morphological / cost factor and Natura 2000 sites, corridor 3 got the highest 
score of 96.7 points. This score is due to the fact that this corridor does not cross 
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One of the important goals achieved through this approach was obtain-
ing objective, undisputed results, which through an efficient communication, 
could be generally accepted by the local communities involved, media and non-
governmental organizations. 

This methodology proves that it can be an asset in strategic planning 
which can be applied in other European member states as well, an aspect em-
phasized by JASPERS Romania office during technical meetings. 

5. Conclusions 
This paper represents an analysis model which provides geographically substan-
tiated quantitative solutions. This new approach can be introduced as a manda-
tory study in the legislation for the analysis of route / corridor alternatives that 
are to be implemented. The analysis aims to establish a route of a sector of 
Bra��ov - Bac��u highway, which should meet the technical, environmental and 
cost criteria. In this context, four highway corridors with different, well-
individualized physical-geographical features were established and analyzed, 
which were differentiated based on a score function. The three evaluated criteria 
took into account the spatial relationship between corridors and protected areas, 
geomorphological forms and processes and estimated costs. The differentiation 
of the four alternative routes was made based on the resulting score which had 
three types of weights (equal weights, high weight for the environmental criteri-
on, high weight for the geomorphological and cost criterion). The three scenari-
os highlight the hierarchical variations of the corridors according to the assigned 
criteria and weights. The study can be used at governmental or regional deci-
sion-making level because it provides objective information on which scientifi-
cally substantiated choices can be made. For an even greater refinement of the 
results, other data sets can be introduced in the working methodology, such as the 
disposition of utilities, flood risk, commercial, residential or industrial areas. 
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al. 2012, Amara et al. 2011, Hamdi et al. 2018, Serageldin et al. 2016), Asia (Sanusi 
2012, Ariffin et al. 2014, Misra et al. 2018, Agrawal et al. 2019, Verma et al.) and 
America (Díaz-Hernández et al. 2020, Krarti & Kreider 1996). 

Ukraine also begins to carry studies in this direction (Basok & Novitska 
2017, Nakorchevsky & Belyaeva 2005, Tkachenko et al. 2020, Basok et al. 
2020), but their results are not enough to develop methods for calculating and 
designing geothermal ventilation systems for the corresponding climate condi-
tions and local soils. 

The active development of geothermal ventilation systems necessitates 
theoretical studies to understand the processes occurring in EAHE and to de-
termine the quantitative effect of various parameters on the energy and econom-
ic efficiency of such a system. In general, the energy efficiency of a heat ex-
changer may depend on the following parameters (Ariffin et al. 2014): 
• configuration and geometric dimensions of the heat exchanger, 
• climatic conditions, 
• thermophysical properties of the soil. 

The consideration of these factors together or singly is a difficult task 
that modern researchers face. Recently were published in information sources 
several studies of the operation of EAHE using numerical simulation (Díaz-
Hernández et al. 2020, Tzaferis et al. 1992, Badescu 2007, Greco et al. 2020, 
Serageldin et al. 2016, Rouag et al. 2018). An analysis of such heat exchangers 
usually involves either calculating the thermal conductivity of the soil mass to 
the wall of the heat exchanger or calculating the parameters of convective heat 
transfer between the air in the heat exchanger and the soil mass. Articles usually 
considered one, two- and three-dimensional numerical models of EAHE with 
various restrictions. 

For example, article (Badescu 2007) describes a two-dimensional nu-
merical model for calculating the parameters of an EAHE containing a single 
circular cross-section pipe with length of 36.0 m. The model is based on the 
determination of temperature values on the soil surface and in the vertical sec-
tion of the soil mass. Calculations considered only the horizontal part of the 
heat exchanger, the influence of the vertical sections of the air inlet and outlet 
was considered insignificant. On the soil surface, the model takes into account 
convective heat flux, long-wave radiation from the soil surface, absorption of 
insolation energy by the surface of the soil, as well as latent heat of evaporation. 

In (Tzaferis et. al. 1992), a comparison is made of eight existing at the 
time of publication of numerical models describing the heat exchange of air in 
the channel with the ground. The work describes an assessment of the sensitivi-
ty of methods to such parameters as inlet air temperature, air velocity, pipe 
length, radius and depth of the heat exchanger. In addition, the calculation re-
sults were compared with experimental data. 
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When the model was validated, the boundary temperature values in Oc-
tober and April, which were calculated according to (9), were set as boundary 
conditions on the lateral surface of the soil massif. On the upper surface the 
temperature equal to the temperature of the air entering the heat exchanger was 
set as a boundary condition. 

 

 
a) b) 

Fig. 6. Geometric dimensions of the heat exchanger (b) and scheme of the calculation 
area (b): 1 – air inlet to the EAHE; 2 – air outlet from the heat exchanger; 3 – soil mass 

 
Figure 7 shows a comparison of the experimental temperature data at 

the outlet of the EAHE and the results of numerical simulation. 
 

 
Fig. 7. Validation of numerical simulation using experimental data 
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Abstract: LPG storage tanks may be seriously threatened by a fire coming from 
nearby fuels or by leakage appearance. The aim of the study was to prepare a three-
dimensional model of LPG release on a car gas station under different 
environmental conditions. CFD simulations of liquid and gas phase release from 
a tank localized on a car gas station was performed. First, ALOHA software was 
applied to determine mass flow rate, while Ansys software was used to determine 
the shape and size of hazardous zone. To reflect real condition atmospheric stability 
classes were applied. It was observed that for classes A-D the hazardous zone was 
decreasing. While, for E and F class the range was increased. It was noticed that the 
location of the leakage affects the extent of the danger zone. For the leaking below 
the liquid surface analyzed LPG has liquid form. While, for the leaking above the 
liquid surface analyzed LPG has gas form. Furthermore, for liquid leakage the 
largest hazard zone of release was observed. 
Keywords: gas emergency release, liquid petroleum gas, CFD simulation, 
atmospheric stability class 
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1. Introduction 
The large population density increases probability of any hazardous material re-
lease (Pontiggia et al. 2011, Piecuch et al. 2015, Polanczyk et al. 2019, Majder-
Lopatka et al. 2020). Dispersion of storage gases due to the natural or the indus-
trial accidents may lead to tragic consequences (Polanczyk et al. 2018, Polanczyk 
et al. 2020). Moreover, transportation of liquefied flammable products is affected 
by severe accidents (D’Aulisa et al. 2014, Polanczyk et al. 2018). To prevent the 
effects of these disasters different approaches have been introduced in the litera-
ture (Lovreglio et al. 2016, Polanczyk et al. 2018). Past accident data analysis 
shows that about 33% of accidents occurred during road or rail LPG transporta-
tion resulted in boiling liquid expanding vapor explosions (D’Aulisa et al. 2014, 
Polanczyk et al. 2020). When exposed to severe distant source radiation induced 
by fire, LPG tanks may be subjected to severe heat-up and consequent pressuri-
zation, which may lead to the catastrophic rupture of the tank (Scarponi et al. 
2017). LPG storage tanks may be seriously threatened by a fire, particularly in 
those cases where negligence or regulatory gaps allow a very close exposure of 
these tanks to flames coming from nearby fuels or by leakage appearance 
(EmrysScarponi et al. 2020). Furthermore, fragments resulting from the destruc-
tion of the tank shell can be projected to the surrounding, potentially worsening 
the consequences of the explosion (Tugnoli et al. 2013). The lack of an effective 
safety distance between the LPG tank and the surrounding fuels caused the open-
ing of the safety relief valves and intense jet fires (EmrysScarponi et al. 2020). 

To assist decisions and planning in case of hazardous gases numerical 
techniques are applied (Hannaa et al. 2009, Polanczyk & Salamonowicz 2018). 
Moreover, in industrial processes numerical tools are present (Wawrzyniak et al. 
2012, Wawrzyniak et al. 2012, Czapczuk et al. 2017). In recent years, more de-
tailed models for the simulation of LPG vessels exposed to fire were developed, 
based on computational fluid dynamics (CFD) Various computational tools are 
applied for description of dispersion process i.e. Phast software (Wang et al. 
2017), Aloha software (Thoman et al. 2006), Ansys software (Polanczyk et al. 
2013, Salamonowicz et al. 2015) and FDS (Salamonowicz et al. 2021). However, 
the simulation set up considered only full engulfment conditions, and the possible 
transient evolution of fire scenario was not systematically considered. Therefore, 
the aim of the study was to prepare a three-dimensional model of LPG release on 
a car gas station under different environmental conditions. 

2. Materials and methods 
2.1. Case study 

Analyzed case was composed of the area included one gas tank, three gas 
distributors, one building and one carport. During a regular day the side surface 
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of Liquid Petroleum Gas (LPG) tank on a car gas station was unsealed. The 
emergency release was provoked by the lack of proper maintenance, inspection 
and damage on detachable flange connections. Two different approaches of 
unsealed tank were considered: 1) in the lower part of the tank (0.3 m measuring 
from the ground), where liquid phase is localized, liquid phase of LPG leak 
appeared; 2) in the upper part of the tank (0.7 m measuring from the ground), 
where gas phase is localized, gas phase of LPG leak appeared. 

According to the first approach the phenomenon was directed into the 
leak appearance above the liquid level and release of gas vapors. The LPG 
released in this way is further dispersed. While, propane-butane is heavier then 
air, the released gas slowly settle on the ground and flood the depressions, e.g. 
sewage wells. The dispersed gas creates an explosive atmosphere which together 
with ignition source may explode. Moreover, gas remaining in depressions of the 
land may remain there for a long time. 

According to the second approach the phenomenon was directed into the 
leak appearance in the part of the tank with liquid LPG. As a result a boiling pool 
of propane-butane is formed on the ground (boilling temperature -41.2°C). 
Combustible vapors arising from boiling pool are mixing with air and creating an 
explosive atmosphere. 

2.2. Model description 

The fluid dynamic response of the LPG tank exposed on different environmental 
conditions was modeled by two- and three-dimensional simulations. The follow-
ing boundary conditions for numerical simulation of LPG release on a car gas 
station were assumed: free ejection of LPG into open space (T = 25oC and P = 
101325 Pa, air (�! = 1.23 kg/m3, �¦ = 1.79 10-5 kg/(m s)). The properties of analyzed 
LPG were approximated as for the following composition: propane - mass frac-
tion 0.595, n-butane – mass fraction 0.405, temperature 25oC. 

In the first step, with the use of Ansys SpaceClaim software (ANSYS, 
Canonsburg, PA USA) and technical documentation a three-dimensional model 
(length = 200 m, width = 100 m, heigh = 20 m) of a gas station was reconstructed 
(Fig. 1). In the analyzed domain 6 objects were localized (one gas tank, three 
distributors, one building and one carport) (Table 1). 

 

 
Fig. 1. Three-dimensional model of a gas station 
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The following boundary conditions were used: mass flow outlet from the 
unsealed tank, wall (for all obstacles). Moreover, at the inlet to the geometry, 
velocity inlet boundary representing flowing air was applied. 

 
Table 1. Dimensions of objects on the car gas station 

Object Length [m] Width [m] Height [m] 
Gas tank 4 1 1 
Distributor 0.5 0.5 1.5 
Building 20 10 4 
Carport 10 5 7 

 
Next, digital grid with the use of Ansys Meshing software (ANSYS, Can-

onsburg, PA USA) composed of tetrahedrons with boundary layer was created. 
After mesh independent tests the number of numerical grid elements was estab-
lished at approximately 5 000 000, with boundary layer for whole analyzed do-
main composed of 10 layers (Fig. 2). 

 

 
Fig. 2. Three-dimensional mesh model of  gas station. 

 
Moreover, for the calculation of mass flow rate (eq. 1) Aloha software 

was used (Thoman et al. 2005, Tsenga et al. 2012, Sun et al. 2013). Mathematical 
domain was limited to the cylindrical tank (diameter = 4 m, high = 1 m, length = 
1 m). However, there were no obstacles. For the gas phase upwards emission at 
1.5 m level was observed. While, for the liquid phase downwards emission was 
observed at 0.5 m level was observed. Moreover, gas phase leak was analyzed at 
constant temperature equal to 25°C. While, for the liquid phase, the gas temper-
ature was lowered due to the immediately phase transition from liquid to gas after 
it escaped into the atmosphere through the leaks. Therefore, gas phase was ob-
served closer to the ground after release from the tank, while it is heavier than air 
and is colder than air. Convergence level was set at 1 e-5. 
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Next, three-dimensional LPG release with the use of Ansys Fluent 19 
software (ANSYS, Canonsburg, PA USA) was analyzed. Reynolds Averaged 
Navier-Stokes equations (eq.1-3) were applied (Ganta et al. 2014, Zieminska-
Stolarska et al. 2015). 
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where: 
vx,vy,vz – velocity components for x, y, z directions, [m/s], 
t – time [s]; g – acceleration in x, y, z direction, [m2/s], 
µ – fluid viscosity, [Pa s], 
�! – fluid density, [kg/m3], 
µt – turbulent viscosity, [Pa s]. 

 
In this work, the k–�0 model was used to represent the effects of turbulence 

(Pontiggiaa et al. 2010). Moreover, as a wind speed is a crucial parameter, recon-
struction of dispersion in real conditions required usage of Pasquill stability class. 
While, it required reflection of the wind profile along the height depending on the 
atmospheric stability Pasquill stability class (Table 2) (Eduardo Krügera and 
Emmanuel 2013). 
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Table 2. Velocity profile in function of atmospheric stability class 

Stability class Coefficient [-] Wind speed [m/s] Equation 
A 0.109 1 v = (y/10)0.109 
B 0.112 3 v = (y/10)0.112 
C 0.12 5 v = (y/10)0.12 
D 0.142 7 v = (y/10)0.142 
E 0.203 3 v = (y/10)0.203 
F 0.253 2 v = (y/10)0.253 

3. Results 
The methodology presented in this work provides a numerical tool to assess 
whether the exposure of a LPG tank to a given atmospheric scenario can be 
deemed safe (Scarponi et al. 2020). The influence of environmental parameters 
as well as released phase on the size of hazardous zone was analyzed. The meth-
odology presented in this study provided a numerical tool to assess whether the 
exposure of an LPG tank to a given environmental scenario can be deemed safe 
on a car gas station. To reconstruct a realistic conditions of wind appearance, an 
atmospheric stability classes were applied. It was in line with Mack et al. who 
investigated CO2 dispersion where experimentally measured inlet profile of wind 
was simulated (Mack & Spruijt 2014). Moreover, in our study we assumed tur-
bulent character of flow, therefore, standard k-�0 model was used to describe its 
properties. It was in line with Xing et al. who observed that the results from the 
standard k-�0 model were in acceptable agreement with the experimental data for 
the gas dispersion process (Xing et al. 2013). However, contrary to this 
Sklavounos et al. found that the standard k–�0 model overestimate maximal con-
centration of heavy gas (Sklavounos & Rigas 2004). Nevertheless, our study in-
dicated that this turbulent model may be used in simulation of LPG release. 

In the first step, ALOHA software was applied to estimate the range of 
emergency zone. While, the leak was not limited by any obstacles, equal emer-
gency range was observed for both analyzed phases (Table 3). Increasing of at-
mospheric stability class from A to F resulted in hazardous zone range equal to 
11 m for gas phase and liquid phase. 

In the next step the three-dimensional car gas station was analyzed. It was 
observed that wind direction and atmospheric stability class as well as retaining 
wall and anti-burst wall had impact on the explosive range for both phases (Ta-
ble 4). For the same atmospheric stability classes higher range of zone for gas 
phase compare to the liquid phase was observed. Fig. 3 presents a leak of LPG 
for both phases, the iso-surfaces are presented for a concentration of 2%, which 
corresponds to the lower explosive limit (LEL). Liquid phase was spread on the 
ground, while gas phase surrounded LPG tank. When B atmospheric stability 
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class was applied liquid was longitudinally concentrated, while gas phase was 
mostly concentrated under a tank (Fig. 4). For C atmospheric stability class, the 
range of liquid phase zone was about 5 times shorter compare to the gas phase 
(Fig. 5). Moreover, comparison of C and D atmospheric stability class indicated 
further decrease of hazard zone range (Fig. 6). While, for E and F atmospheric 
stability class increase of hazardous zone was observed. For E class the range of 
hazardous zone was equal to 4.5 m and 37.5 m for gas and liquid, respectively. 
While, for F class the range of hazardous zone was equal to 45 m and 19.6 m for 
gas and liquid, respectively. 

 
Table 3. The range of explosive zone calculated with ALOHA software 

Phase Atmospheric stability class Range of zone [m] 

Gas 

A 11 
B 11 
C 11 
D 11 
E 11 
F 11 

Liquid 

A 11 
B 11 
C 11 
D 11 
E 11 
F 11 

 
Table 4. The range of explosive zone calculated with Ansys software 

Phase Atmospheric stability class Range of zone [m] 

Gas 

A 3.5 
B 1.9 
C 1,0 
D 0.8 
E 4.5 
F 5,0 

Liquid 

A 17.5 
B 11,0 
C 5.5 
D 2.3 
E 37.5 
F 19.6 



72 Zdzislaw Salamonowicz et al. 
 

 
(a) 

 
(b) 

Fig. 3. Graphical representation of LPG leak for the atmospheric stability class A: (a) 
gas phase of propane, (b) liquid phase of propane. Color bar presents mole fractions of 
propane 

 
Each time released LPG was not presented behind anti-burst wall. Which 

corresponds to the real situation on a car gas station. Moreover, hazardous zone 
only for F stability class for gas phase was presented in the area of distributors. 
Furthermore, for A stability class for gas phase hazardous zone was observed 
close to the building. 

 

(a) (b) 

Fig. 4. Graphical representation of LPG leak for the atmospheric stability class B:  
(a) gas phase of propane, (b) liquid phase of propane. Color bar presents mole fractions 
of propane 
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(a) (b) 

Fig. 5. Graphical representation of LPG leak for the atmospheric stability class C:  
(a) gas phase of propane, (b) liquid phase of propane. Color bar presents mole fractions 
of propane 

 
Moreover, it was noticed that not only a character of wind (different at-

mospheric stability class) but also the direction of wind had impact on the range 
and size of hazardous zone (Fig. 9). When wind was directed from the left side 
of the mathematical domain, longitudinal range of hazardous zone was equal to 
11 m (Fig. 9a), while wind directed from the right side affected extend of the 
hazardous zone to 15 m. Which was caused by appearance of retaining wall as 
well as anti-burst wall. 

 

(a) (b) 

Fig. 6. Graphical representation of LPG leak for the atmospheric stability class D:  
(a) gas phase of propane, (b) liquid phase of propane. Color bar presents mole fractions 
of propane 
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(a) (b) 

Fig. 7. Graphical representation of LPG leak for the atmospheric stability class E: (a) gas 
phase of propane, (b) liquid phase of propane. Color bar presents mole fractions of propane 

 

(a) (b) 

Fig. 8. Graphical representation of LPG leak for the atmospheric stability class F: (a) gas 
phase of propane, (b) liquid phase of propane. Color bar presents mole fractions of propane 

 

(a) (b) 

Fig. 9. Comparison of liquid phase release for different wind direction for the atmospheric 
stability class B: (a) for the left side of the analyzed domain, (b) from the right side of the 
analyzed domain 
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